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ABSTRACT

The main aim of this work is to study electron scattering in imperfect semiconductor
heterostructures. The source of unintentional disorder is the interface roughness at the
heterojunctions occurring during growth. In order to achieve this goal we solve numeri-
cally the two-dimensional Ben Daniel-Duke equation for the electron scattering problem.
Our model assumes open boundary conditions along the growth direction and periodic
ones parallel to the heterojunctions. We then compute the reflection and transmission ma-
trices that govern channel mixing due to interface roughness scattering. The knowledge of
the mixing matrices allow us to calculate the transmission coefficient in any heterostruc-
ture made of wide gap semiconductors. As an example, we compute the transmission
coefficient in resonant tunneling devices based on double-barrier structures.

INTRODUCTION

Electron scattering by imperfect heterojunctions reduces electron mobility due to
rough surfaces even in good-quality heterostructures [1]. So far, there are analytical
results concerning the propagation of wave packets in a randomly layered medium when
the potential is a random function of only one coordinate [2], but for a small number of
layers, as in double barrier heterostructures (DBH), in-plane disorder becomes important
and one expects such approaches to fail. Realistic models of in-plane disorder usually lead
to intractable analytical models; hence the importance of numerically solvable models to
bridge this gap. An important contribution was already provided by Henrickson et al.,
who applied the tight-binding Green function method to account for electron scattering
by interface roughness in imperfect DBH [3]. However, in this paper electron transmission
through a DBH was described by a rather artificial model of disorder, namely periodic
roughness with random relative phases at the interfaces.

In the present work we introduce a two-dimensional effective-mass model to study the
effects of interface roughness scattering on electron transmission through semiconductor
heterostructures. To this end, the Ben Daniel-Duke equation is discretized, boundary
conditions are discussed and scattering solutions are found by means of the transfer-
matrix method for any arbitrary heterostructure made of wide gap semiconductors. The
model is worked out in a two-dimensional space for computational limitations, although
it will be clear that generalization to three dimensions is rather straightforward. Finally,
we present the numerical results for the transmission coefficient through imperfect DBH
and the main conclusions of the work.
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THEORY

NWe consider the Ben Daniel-Duke. equnation with constant effective m1ass 77fl at the
F valley for the electron envelope funiction u/)(y, z), where the two spatial directions are
showni in Fig. 1. The whole structure is dividled into three dlifferent regions, namely left
(1) and right (111) contacts and the DBI-I (II), where scattering býy lateral disorder takes
place.

Scattering region

Left contact Right contact

Figure 1. Scheiuiatic view of the samnple. Regions I auid III arc the electri-
cal contacts of the samiple and electronis undergo scattering processes by lateral
dlisordler only at region 11 (DBII).

W~e consider a mesh wvith lattice spacings a. and a.. in thc y and z directions, re-
spectively. Defining ty -hY/(2uu~o') and tz = -h 2 /(2mo 2 ), we obtain the discretized
equation for the envelope funiction

t(,0n]rn + ýn ln) + ty(i',T,!7+i + )', )+ (11~,,, 2tz 2t,)?/,,,,, Ei1,,~,b.n (1)

The potential terim J,, in Eq. (1) is given by the coniduction-band edge energy at
the p oinit (nav a ý.w ) whiich. in turn. (dependls on the Al miole fractioin iii the vicinity of
lhat p~osition. Therefore, hit eral dlisordler (enters the' equation throughi this dliagonial termn.

Contacts are characterized byv flat hand coniditions, U(n.. 7n) = 0. Solutions of Eq. (1) can
he determined from the appropriate boiindar~y conrdit ions byN using the transfer matrix
met hodl. The bouindary, conditions are open in the z dhirection0, and periodlic on each slide,
that is in the y direction. The former imnply l vlane wave soluitions in the z axis, and the
latter yield an energy rhiscreti',atioii on y. As a consequence., this (hiscretizatioui resuilts
in a number of transverse channiels equal to the nuniber of p~oints in the transverse mieshi
(directioni. Once the soluitions are known. the transunissioli coiefficienit is (compuited as a
functioii of the electron energy.
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MODEL OF DISORDER

In order to treat lateral disorder, we have considered the occurrence of islands on
the interface between two consecutive layers having identical lateral sizes all of them and
being consecutive one to each other. In our model, islands have heights (measured from
mean position of the heterojunction) that are randomly distributed to mimic random
fluctuations of local flux of atoms during growth. It is then feasible to express the rough
profile of the interface between two consecutive epilayers defining the following height
function

h(y) = r/>] w,{O(y - no) + 6[(n + 1)( - y] - 1. (2)

Here h(y) represents the deviation from the flat surface at position y, e is the Heavyside
theta function, ( is the island width, w. is a random variable associated to the n th island
that controls the fluctuation around the mean value, and zj is the largest deviation in
absolute value - assuming that the w,'s are uniformly distributed between -1 and 1.
Hereafter 27 will be referred to as degree of lateral disorder. The random variables wn take
values from -1 to 1 uniformly, satisfying the following correlator (wiwm) = 6,m/3, where

the brackets indicate average over different realizations of the disorder. In particular,
notice that (h(y)) = 0.

th(y) GaAs

AIxGa_ xAs

Figure 2. Islands modeling lateral disorder (roughness) at the interface
between two epilayers (GaAs and AlxGaaxAS).

RESULTS

We have performed several numerical calculations in order to study the effect of both
lateral and compositional disorder over the transport properties of DBH made of GaAs-
Al.Gal1 ,As hieterostructures. We start by considering the effect of the interface rough-
ness, characterized by the degree of lateral disorder q given in (2).
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Figure 3 shows tile transmission coefficient calcuilatedl for different values of q,. Here
all = 10mtit. a. = 03i (= 2nut. Al = 50, and~ N = 38. The harrier widthIs are 2.1 Inn

for both thle emitter andtl te collector, their height~s are also the sante, 0.3 eV, and~ the wvell
width is 4.8 urn. Three different values of q were stnidiedl, namiely 71 = 0 (perfect DBH),
q= 0.3 urn (largest flucttat ion of thle ordIer of oine utoino dayer) and 71 0.6 nut (largest

fluctuation of the order of two monoolavers). As a mtain result, it cant be seent it Fig. 3
that. increasing the degree of lateral ( lisorder, ij, resnItts in a decrease of' the transmission
prohahil itY at, the resonant energy. Notice that the resonant p~eak slight ly widens (Itie, to
the fluctulations, of its energy for each realization of the dlisordler. Besides, anl additiontal
effect can he seen, that is, as tlte dlegree of lateral disorder q increases tile conldu lctance
p~eak slhifts to smaller energies. The lowering of the energy of the resontance call he
understood assunting that surface roughniess mtakes tile effective wvidtlt of the qIitalturt
well larger than its niominal valuie. This shift wouild miake both tlte thtreshtold voltage
and the negative differential resistancee itt the cnirrextt voltage (characteristic of DBH to
appear~5 at lower bias. But ait effective wvider well impl1 ies a htighter cuirrertt too. so itt sonme
statistical settse the ctirrettt for tile dlisordleredl DBI-I will he higher.

1.0-

0.8

0.6 /

0.4 Ordered
Disordered, wj=O.3 nm
Disordered. 1-0O.6 nm

0.2-'

0.02
0.0 0.1 0.2 0.3 0.4 0.5

E (eV)

Figure 3. Transtmissioni coefficitent through alt ordered DBH comtparedl with
titat of a disordered D BH for two diffe renit values of the dlegree of lateral dhisordler
q~. The (hisordireol results comprise 100 realizationts of thte disorder.

Regarding the effect, of tile size of thle islatids, (, wve have observed that. it canl he
neglected uinless this size is of thle order of thle electron wavelength, that is, for ( >> A,
tlte transmtission coefficient (lops not. dlepetnd onl (. As expected, when A,, : (thle electron
starts to see each islatid and then thle tranismiission coefficienit decreases a~s Cincreases, as
shown ini Fig. 4. For etiergies about 0.1 eV this tratisitioni takes p~lace at, sizes (10 tnit 131.
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Figure 4. Transmission coefficient through imperfect DBH as a function of
the size of the islands for ( - A, (dotted line) and ( < A, (dashed line). Curves
comprise 50 realizations of the disorder. Inset shows an enlarged view of the
main resonance peak.

CONCLUSIONS

In this paper we have presented a method to study electron transmission in uninten-
tionally disordered heterostructures with rough interfaces. We have shown that the main
effects of the lateral disorder are to decrease the transmission trough DBH and to lower
the resonant energy. As a consequence, our model predicts that the threshold voltage of
resonance tunneling diodes becomes smaller in imperfect quantum devices.
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